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Figure 1. Visualization of a warm (39°C) intraoperative cholangiography using: (A) infrared image only.
Arrow, common bile duct (CBD). (B) Visible range image only. The CBD boundaries are discernable;
diffuseness is noticeable in the vicinity of the CBD boundaries.

There is considerable concern that surgical errors in lapa-
roscopic cholecystectomy (LC) occur at the rate of approx-
imately one injury per 200 patients,"* despite standardized
training and inclusion of LC training for surgery residents.’
The timely detection of bile duct injuries (BDIs) during
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LC substantially lowers morbidity, reduces hospital stays,
and decreases overall costs.* Mistaken recognition of biliary
structures and confirmation bias contribute strongly to the
surgeon’s failure to avoid or recognize intraoperative inju-
ries.” Misidentifications are typically the result of an incor-
rect interpretation of visual data, one of the natural out-
comes of the limits of human perception and cognition
under laparoscopic conditions. More training or more
“blame” is unlikely to reduce BDI rates.® Surgeons have
adopted preventive measures, such as fluoroscopy or in-
traoperative ultrasonography, to better define biliary
anatomy during LC. These methods are limited by in-
creased operative time, radiation exposure and cost (ie,
fluoroscopy),” or incomplete definition of the biliary
anatomy (ie, ultrasonography).® In addition, when ra-
diopaque contrast agents are used, contrast leaks can
obscure subsequent image acquisition. A real-time,
radiation-free method to clearly define biliary anatomy
could address these issues.

Infrared (IR) imaging uses the principles of thermogra-
phy to measure and display temperature differences and
changes. Studies have pointed to the clinical use of the
technology in renal transplantation, neurosurgery, and
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Abbreviations and Acronyms
BDI = bile duct injury

CBD = common bile duct

IOC = intraoperative cholangiography
IR = infrared

LC = laparoscopic cholecystectomy
PSF = pattern selective image fusion

VR = visible range

laparoscopic procedures’'" and advanced laparoscopic IR
systems are in development. Spatial resolution of IR cam-
eras is lower than the resolution of visible range (VR) cam-
eras typically used during operation and viewing IR images
alone requires new cognitive skills from the surgeons who
must interpret them.

The objective of this study was to provide an initial
assessment of the following hypotheses:

1. Visualizing IR and VR video images simultaneously
while perfusing the biliary tract with warm or cold sa-
line provides the necessary real-time functional and an-
atomic information to recognize the biliary anatomy
and associated pathologies.

2. Real-time fusion of IR and VR video images using a
tunable pattern selective image fusion (PSF) approach
permits a substantially enhanced visualization of biliary
structures and associated pathologies compared with
other modes of presentation of IR and VR imagery.

Using an intraoperative real-time image acquisition and
a VR/IR PSF system prototype developed for this study, we
have performed open surgical experiments with porcine
models using warm and cold saline perfusion as a contrast
method and assessed the potential for enhancing the iden-
tification of biliary structures and biliary injuries intraop-
eratively through fused images.

METHODS

Animal model and surgical procedures

A porcine model (n = 3) was used to evaluate the visual-
ization of biliary structures with VR images, IR images, and
fused images. Animals were between 5 and 9 months old
and weighed between 23 kg and 73 kg. All studies were
performed according to National Institutes of Health In-
stitutional Animal Care and Use Committee—approved
protocol UOB-006, and all animals were maintained ac-
cording to the guidelines issued by the Institute of Labora-
tory Animals Resources, National Research Council. Gen-
eral anesthesia with 1% isoflurane was administered, and
laparotomy was performed with exposure of the right up-
per quadrant. Intraoperative cholangiography (I0C) was

Figure 2. «-Blended composite of infrared and visible range images
captured during a warm (39°C) intraoperative cholangiography. Ar-
row points to the common bile duct with clearly blurred boundaries.

performed through the infundibulum of the gallbladder
and both cold (4°C) and warm (39°C) 20-mL saline bo-
luses were injected into the biliary tree as contrast agents
while images were collected. To simulate a common bile
duct (CBD) occlusion and transcystic CBD exploration, a
3F Fogarty catheter (Edwards Life Sciences LLC) was in-
troduced through the cystic duct, and warm and cold IOCs
were repeated. Finally, to evaluate the ability of the fusion
system prototype to detect injuries to the CBD, a 2-mm
defect was created in the lateral wall of the CBD, 2 cm
above the duodenum, and a cold IOC was performed.

Image acquisition and fusion

The intraoperative IR/VR image acquisition prototype
consisted of a 3 CCD VR (up to 900 nm) color camera
(model A102kc; Basler), with a resolution of 1,392 X
1,040 pixels per image, and a cooled midwave (3 to 5 )
IR camera (Santa Barbara Focal Plane) with a resolution
of 320 X 256 pixels per image. Lenses were chosen to
make the fields of view in the IR and VR as similar as
possible. The camera assembly included a beam-splitter,
transmitting in the mid-IR spectral range (3 to 5 w),
with average transmission efficiency >90%, and reflect-
ing in the visible spectral range (450 to 750 nm) with a
similar average efficiency. The beam-splitter was placed
in the optical path of the IR camera, thereby optically
aligning the VR and IR fields of view. Residual misalign-
ments between the IR and VR fields of view stemming
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Figure 3. (A) Baseline infrared (IR)/visible range (VR) pattern selective image fusion (PSF) fused image. (B) PSF
fused IR/VR image generated during a warm (39°C) intraoperative cholangiography (IOC). (C) PSF fused IR/VR
image generated during a cold (4°C) I0C. The common bile duct is clearly visible, with sharp boundaries.

from small optomechanical inaccuracies were elimi-
nated with software-based alignment interfaces. A cus-
tom LED-based ring illuminator provided uniform,
heat-free illumination over the surgical area of interest.
Polarizing filters permitted the attenuation or complete
elimination of specular reflections in the VR images.

In the medical community, overlay methods (ie, a-blending)
that treat each image as a layer in a weighted average composite
are the state-of-the-art for creating a single blended image
from multiple source images.""” In contrast, we exploited
a real-time implementation of PSF algorithms' developed
by Sarnoff Corporation for use by the military. The PSF
algorithms fuse multiresolution versions of the IR and VR
images, known as image pyramids."® For each resolution,

the pixels from the IR and VR inputs are selected individ-
ually based on a measure of the local contrast and empha-
sized by operator-defined gain parameters. Each resolution
contributes to the final fused image through a weighted
recombination process, providing operators with fine con-
trol over the selection of levels of detail (eg, fine structures
and edges versus background regions) and the relative con-
tributions of the IR and VR sources for each level of detail.
This allows optimization of the display to the surgeon’s
preferences. Other than the initial, one-time, nonunifor-
mity correction of the IR detector, and the one-time ad-
justment of the gain and offset settings of the VR camera,
the system did not require any extensive preparation. It
required only a single operator. IR/VR-fused images were

Figure 4. Sequence of six successive frames collected during a cold (4°C) intraoperative cholangiogra-
phy. The infrared/visible range fusion shows sharp anatomic boundaries when dynamic thermal changes
are induced by the saline perfusion.
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generated in real time using the PSF algorithms. For pur-
poses of comparison, a-blended composites (50% opacity
for each source) were also generated offline from saved
IR/VR data, using Adobe Photoshop.

RESULTS

The biliary system is visible in IR images alone, the duct
boundaries are discernable, and diffuseness is noticeable in
their vicinity (Fig. 1). The comparable VR image frame
provides a high-resolution color view of the anatomic land-
scape and landmarks surgeons are accustomed to seeing,.
Figure 1 also demonstrates the difficulty of mentally fusing
the paired set of images, and the benefits that would accrue
from the automated construction of a single composite.
Although the a-blended composite (Fig. 2) is an improve-
ment over the side-by-side presentation of the images, the
boundaries of the CBD are blurred, and the lack of contrast
and washed-out colors impede precise delineation of the
anatomic boundaries. Standard image processing does not
substantially reduce these problems. The PSF algorithms
(Figs. 3, 4) substantially improve image contrast and delin-
eation of anatomic structures, and sharpen the duct bound-
aries. Unlike approaches that rely on contrast dyes, these
dynamic changes can be observed repeatedly as soon as
thermal equilibrium between the ducts and the surround-
ings is reestablished (15 to 40 seconds, depending on the
chosen bolus temperature). Demarcation of saline flow re-
striction because of the simulated obstruction, and leakage
from the site of simulated injury after cold saline perfusion
are clearly apparent (Fig. 5).

DISCUSSION

The potential benefits of IR imaging include real-time,
noninvasive, and continuous assessment, and added in-
formation that can help overcome the cognitive and
perceptual limitations in LC. Cadeddu and colleagues*®
first highlighted the potential of IR imaging for identi-
fication of biliary structures in laparoscopic surgery.
These experiments focused on external irrigation of sa-
line rather than direct injection into the biliary tract as
we described here. Ultimately, the integration of IR
technology into a standard laparoscope requires visual-
ization of real-time IR and visible light images in a single
display, a conclusion highlighted in another series of
pilot experiments.'” This study strongly suggests that the
PSF algorithms could enhance surgeons’ performance in
the cognitively demanding field of laparoscopic surgery.
By combining complementary functional (IR) and ana-
tomic (VR) data in a single image and, importantly, by
allowing the surgeon to tailor the image fusion parame-
ters to optimize discriminablility of important features,

Figure 5. Infrared/visible range a-blended image (A) during a cold
(4°C) intraoperative cholangiography with a simulated common bile
duct (CBD) obstruction. (B) After a simulated CBD injury.

the PSF system described in this study facilitates the
rapid and intuitive interpretation of the images. In this
study, we have also demonstrated the ability to perform
IOC in real time without any radiation exposure. By
combining a PSF system with selected saline bolus in-
jection protocols designed to enhance thermal contrast
and visibility of biliary structures, we have created
a promising new methodology, visible/IR operative
cholangiography. Visible/IR operative cholangiography
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could be used to identify BDIs in real time during the
surgical procedure, eliminating the need to perform
“off-line” radiographic studies. This has the potential to
ensure that BDIs are not missed, and to reduce the time
in operation by approximately 15%.’
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